The objective of this paper is to present Hydro-Quebec's new test bench: a pair of identical all-electric cottages built at its research laboratory's site (LTE) and how it could be the ultimate demand management testing tool ! In regions, like Quebec, where electricity is the main source of energy for space and water heating, every single use of energy inside a house has an impact on the space heating load (internal heat gain) and thus, the most efficient way, for the utility, to estimate the effect of a demand management strategy is to take the whole-house approach. In addition, the global approach allows seeing the side effects generated by some equipment that would otherwise be missed; e.g. how the utilisation of the kitchen hood increases the space heating load in the garage.
Introduction
Hydro-Quebec is a government-owned electric utility located in the province of Quebec, Canada. It provides electricity to 4.1 million customers, 92.3% of them being residential customers [1] . For 74% of those residential customers, electricity is the main energy source for space heating and this proportion reaches 86% for water heating [2] . Approximately 60% of the commercial & institutional customers (CI market) also use electricity as their main source of energy for space heating. This widely spread use of electricity for space heating combined with Quebec's weather make Hydro-Quebec a winter-peaking utility (its peak demand was approximately 38 800 MW in 2012) [1] .
Among the residential customers using electricity for space heating, 81% have houses equipped with an electric baseboard and a line-voltage thermostat in each room [3] . On average, their space heating load typically represents 50% of their total annual electricity bill but, during winter peak periods, this load is, by far, the most important load in the house. During peak periods, the space heating load represents up to 80% of the total load of a residence [4] which explains why Hydro-Quebec is interested in demand management.
Since the space heating load is influenced by the internal heat gains in a residence, a global or whole-system approach is beneficial. To that effect, Hydro-Quebec built a pair of identical all-electric cottages at its research laboratory's site (LTE), in Shawinigan (~5 000 heating degreedays, base 18ºC, [2] ).
The reason to build two identical houses side per side is to have one of them as the test house while the other is the reference; it allows to determine precisely the impact of a technology or a strategy in reference to a base case subjected to the exact same environmental conditions. Figure  1 shows the relative location of the houses. A weather station is located on the left-hand side of the picture. The object of this paper is to present the characteristics of Hydro-Quebec's new experimental twin houses. The impacts of how a whole-house approach may be beneficial for demand management tests will also be addressed.
Structure
The houses are 25' x 26', three bedrooms, one and a half bathroom cottages with a full basement and a 15' x 24' attached garage. The houses have been built according to the current building code; the goal was to build houses that will be representative of the actual park of HydroQuebec's customers. They were completed in February 2011.
The exterior walls, finished with either brick or vinyl cladding, have an insulation of R20 and the windows are double-glazed clear glass, without any coating or gas. The ceiling/roof assembly has an insulation of R30. The space heating system consists of electric baseboards located in every room and individually controlled by a line-voltage (240 V) electronic thermostat. The heating capacity is 4000 W in the basement, 4750 W each for the main and second floor, and 2000 W in the garage. The houses have been fitted with all the air ducts necessary for a central heating/cooling system even if no such system is installed right now.
In addition, the kitchen and second story bathroom are equipped with a radiant floor (electric cable) but it is used only for testing purposes; the baseboards are used to maintain the reference temperature set point which is 21ºC all around the house including the garage.
The houses are not furnished except for the five usual appliances. The electric water heater is of a new design developed by LTE that could function either as a standard model (two elements) or as a demand management model (three elements) [5] . The appliances and water heater are not connected yet except for the laundry equipment when used for the clothes dryer tests (washer used with cold water only).
The twin houses are equipped with a residential model heat recovery ventilator (HRV) located in the basement, under the staircase. There are fresh air outlets in each of the three bedrooms (second floor), in the dining room (main floor) and in the basement. The waste air inlets are located in the second floor bathroom and near the main floor entryway.
There are approximately 500 data points per house, sampled at 15 minute intervals. In addition to air temperature measured in a number of locations, each room space heating load is monitored individually. Arrays of thermocouples have been inserted in different structure components: interior and exterior walls, ceiling/floor assemblies, attic and through the basement concrete foundations. The numbers (1) (2) (3) (4) 6) For some tests, additional acquisition systems may be used locally in addition to the main system. These systems allow for a sampling rate as low as 5 seconds and they can be used to monitor either a temperature, a low voltage signal or can be installed directly at a breaker site in the main junction box.
Characteristics
The houses are characterised and calibrated one against the other regularly. These steps are quite important to document the evolution of the structure (aging process), to observe the impact of new equipment (e.g. kitchen hood and clothes dryer require to perforate the envelope for air evacuation) and to keep track of the similitude of the two houses. To be sure that the two houses stay identical, every modification made in one house is automatically duplicated in the other house. The houses' average characteristics over the last space heating season are presented in Table 1 . 
Air tightness
The air tightness of the envelope has been evaluated by determining the air infiltration level, expressed in ACH (air change per hour), of the houses using two different methods: the blower door and the tracer gas.
The blower door tests are performed regularly for each house, with and without the garage, for ∆P ranging to 20 Pa to 60 Pa by 5 Pa increments. The expression ∆P refers to the pressure differential between the interior and the exterior of the house. Blower door tests were always done with the house being depressurized. Table 1 presents the calculated ACH values @50 Pa since they are often used as a reference as well as the natural rate of infiltration for comparison purposes with the tracer gas test.
The tracer gas test (decay method) was done using CO 2 : it was injected through the house, using the air ducts of the central system and a powerful blower, until a uniform concentration of 4000 ppm was reached. The garage was not included in the test because there is no air outlet in the garage; the door between the garage and the house was kept close. For the tracer gas test, there is one CO 2 probe in each room of the house and one is located outside to take the reference value. Tracer gas tests are done once or twice per heating season. Figure 5 shows the average CO 2 concentration decay for the whole house and for each story individually; the concentration is quite uniform all over the house. The reference value (outside air) is in the order of 475 ppm; the fact that this value has not been reached yet inside the house after 24 hours of injecting the gas indicates that the house envelope is quite tight.
The air tightness results obtained for each of the twin houses are quite consistent between the two methods used and between house #1 and house #2. Figure 5 -Tracer gas test: gas concentration decay
Heat loss coefficient
The heat loss coefficient of the envelope (apparent UA) was obtained by a PRISM analysis [6] done with the daily averages of space heating demand, Q, and ∆T (interior temperature -exterior temperature). Figure 6 illustrates the principle of a PRISM analysis: by using load (Q) vs exterior temperature data, the space heating, space cooling and base loads can be identified.
Since there is no load associated with occupation inside the houses, there is no base load. There is no space cooling either. PRISM analysis can be done either by using directly the exterior temperature or by using the temperature difference between the interior and exterior temperatures (∆T); both ways are correct but the latter allows taking into account the variations in interior temperature. The exterior temperature value where the space heating (cooling) load is zero corresponds to the space heating (cooling) equilibrium temperature.
Once again, this characterisation was done with and without taking the garage into account to see the difference between the two cases and eventually compared the results with values obtained from other projects or sources. The results of the PRISM analysis are illustrated in Figure  7 ; even if the graph is expressed using the exterior temperature, the regression coefficients were obtained using the difference between the interior and exterior temperatures (∆T). The heat loss coefficients (apparent UA) are given in Table 1 . In a experimental study involving 30 houses [7] , 14 of them being cottages, the average UA for the cottages was 150 W/ºC which is similar to the 145-147 W/ºC obtained for the twin houses. For the whole sample of 30 houses, the average UA was 134 W/ºC. In another study based on 1000 all-electric single-family detached houses, a correlation was developed between UA, the age of the house, number of stories above ground and its exterior surface [8, 9] ; using this correlation, the UA coefficient of the twin houses, without garage, would be 117 W/ºC which is consistent which the values obtained experimentally (Table  1) .
Time constants
The time constants (expressed in hours) were obtained from a temperature decay test which consists in interrupting the power supply of the houses (main breaker off) and recording the temperature decay inside the rooms of the houses. The experimental temperature points were fitted with a two constant exponential function, which is typical of this type of building:
Tint(t) -Text (0) = a e -t/b + c e -t/d
Where b and d are the long and short time constants respectively and a and c are regression coefficients.
This test is usually done during the night to avoid any solar gain that would influence the temperature decay inside the houses. The results are given in Table 1 . In the experimental study mentioned earlier, the time constants of the cottages were determined as 36 h and 54 h respectively for the short and long time constants [7] . The long one is comparable to the 48 h obtained for the twin houses but the short one is quite different; the fact that the twin houses are not furnished has an impact on the short time constant and the issue of thermal mass will have to be pursued.
Whole-house energy consumption
The houses' characteristics shown in Table 1 are not exactly similar from one house to the other but they are consistent and significant. Figure 8 presents the daily average energy consumption of house #1 in relation to the one of house #2, with and without taking the garage into account. The energy consumption of the garage is quite large (because of its 21ºC set point) and sometimes can mask what is happening inside the house which is why the analysis is done with and without it. Another reason for not taking the energy consumption of the garage into account is related to the test itself: for example, thermostat setbacks or HRV ventilation tests are done for the house only, they do not include the garage.
The average difference between the two houses is less than 1%: 0.9% for the houses without garage and only 0.06% when taking the energy consumption of the garage into account. Those results signify that the twin houses can be used with confidence to characterise the impact of a technology and/or strategy.
Overview of demand management tests
This section presents an overview of possible demand management test with the emphasis on the importance of a global approach. The detailed and complete results of the tests mentioned here will be published during the incoming year.
As mentioned earlier, the test bench is still quite young and an important part of its two winter testing seasons has been used to fine tune the houses to the same characteristics. Even though, different tests have been performed, such as impact of thermostat setbacks, load management potential of heated garages, and residential ventilation/ infiltration involving heat recovery ventilator (HRV), kitchen hood and clothes dryer for which the impact on the energy consumption and power demand has been established.
Thermostat setbacks
For customers, thermostat setbacks are an easy way to save energy, especially when they can be done automatically using electronic programmable thermostats. For the utility, thermostat setbacks may increase the load during the peak periods. The twin houses are the perfect test bench to quantify both aspects and to try to find a space heating strategy that would benefit both the customers and the utility. Figure 9 presents an example of a 4ºC dual setback done for every room of house #1 using programmable thermostats (8 am -4 pm and 10 pm -6 am); this strategy is typical of the ones used by families being absent during the day and wishing to minimize their energy consumption. House #2 was kept at the reference temperature of 21ºC. The load profiles show 15 minute average data points. For this test, the exterior temperature was mild, around 0ºC, which explains why the demand did not reach its maximum (13.5 kW installed capacity) and decreased quite rapidly. The load profile of house #1 is coincident with the utility's peak demands at 6 am and 4 pm so if a large number of customers were to use such setback strategies, the overall effect may be detrimental for the utility.
The twin houses allow seeing the whole-house impact of space heating strategies in reference to a base case (house #2 in this example). In addition to the whole-house load profile, the comparison of each room load and temperature profiles provides additional information about the interaction between the rooms. Thermostat setbacks were also done individually for each of the three stories of the house to study the impact of the different zones on each other. Results demonstrated that there is a heat flow moving from the basement to the upper stories and with the temperature sensors located everywhere in the houses, this experimental data can be used to refine the heat movements in computer models.
The temperature sensors located inside the houses' components showed how the thermal mass of the house varies when temperature setbacks are done; this type of information is useful to understand why the energy savings are not additive (e.g. savings from an 8 hours night setback only and an 8 hours day setback only are less than for an 2 x 8 hours dual setback). When detailed information about thermal mass is input into an energy model and calibrated with experimental data, it could later be used to maximize setback periods for the twin houses and for other building types.
Demand response strategies for electric space heating were developed and optimized using TRNSYS [10] and experimental validation using the twin houses has started.
Equipment side-effects
Another interesting aspect of the global approach is to be able to document side-effects of a specific equipment. Figure 10 shows the space heating profile of the second floor bathroom, for both houses, when the clothes dryer was ON in house #2 (the clothes dryer is located in the basement of the house). The clothes dryer is a standard electric residential model exhausting air outside. It is well known that this type of exhaust-only equipment will create a depressurisation of the house and thus, increase air infiltrations through the structure. Even if the phenomenon is well known, its precise impacts are not necessarily easy to see.
The sharp increase of the space heating demand for the second floor bathroom in house #2 is explained by the fact that an exhaust fan is located in the bathroom; the fan was OFF during this test but the depressurisation of the house allowed outdoor air to penetrate the room through this equipment and increase the space heating load in the room. The proof is shown in Figure 11 where the temperature profile obtained from a thermocouple located inside the exhaust fan ceiling cover is given; the temperature decreased below 10ºC when the dryer was ON. Tests involving the kitchen hood were also done. The model installed in the houses is a typical under cabinet hood with a 3" x 10" horizontal direct outdoor evacuation; it has four speeds ranging from 120 cfm to 600 cfm nominally. Since it is another exhaust-only type of equipment, an increase in the air infiltration level of the house is expected. Figure 12 presents the whole-house average demand profile (15 min. averages) for house #2, with the kitchen hood at its maximum speed, in reference to house #1. The effect of the kitchen hood is quite evident; most of the additional load (~ 4000 W) is related to an increase in the space heating load since the motor of the hood represents only 300 W approximately. The effect of the kitchen hood, at its maximum speed, is visible on the space heating profile of every room in the house including the garage which signify that air from the garage was suctioned in the house (access to the garage is done via the kitchen) and it could very well represent a health hazard in real life conditions.
The test results shown in Figure 12 were obtained at a time when the base load was moderate since the exterior temperature was mild, around -2ºC; it could be more important for typical winter temperatures in the -20sºC. Another interesting finding about the impact of the kitchen hood is shown on Figure 13 . When functioning at its maximum speed, the depressurisation associated with the kitchen hood is important enough to generate a measurable air flow in the air supply duct of the HRV. The location where the flow rate and temperature sensors are measured is in the supply duct midway between the HRV and the exterior inlet. The same phenomenon was not observed with the kitchen hood functioning at its other speeds (nominal 425, 250 and 120 cfm). For these three speeds though, even if there was no measurable air flow in the HRV duct, the air infiltrations were enough to generate an increase of the space heating load.
Heat recovery ventilator (HRV)
Different tests involving the HRV were performed. The twin houses are equipped with a standard residential model HRV having three speeds corresponding to air flow rates of 43, 57 and 70 cfm measured by the sensor located in the air supply duct described earlier. The HRV has continuous and intermittent modes. Its sensible heat recovery efficiency is in the order of 54%. Figure 14 shows the impact of the HRV, functioning in continuous mode, at its maximum speed, on the space heating load profile of the whole house. The HRV was ON for a period of 48 hours during which the average exterior temperature was -11.6ºC. When the HRV started in house #2, it created an additional demand of approximately 1000 W when compared to the space heating profile of house #1. The additional demand stays constant except when the space heating load decreased due to midday solar gain. For the 48 hours test period, the energy consumption of house #1 was 18% more than the one of house #2.
In Quebec, 65% of the houses built after 2000 have mechanical ventilation but there are slightly more units without heat recovery than there are with it; 43% without vs 36% with it and 21% of the homeowners are not able to distinguish between the two types [2] .
Conclusion
Results presented here showed that the test bench is accurate enough (<1%) to obtain significant results on the impact of a technology or strategy on the space heating load of an all-electric house. The extensive instrumentation provides detailed information about the dynamics of the houses (air and heat movements) and allows fine tuning of energy models (TRNSYS, EnergyPlus). It also allows developing CFD (computational fluid dynamics) models (Comsol) of specific rooms of the house to be used as inputs for the energy models.
Section 4 gave an overview of some of the tests that can be done with the experimental twin houses and showed how a whole-house approach is beneficial. Each test brings two levels of information: one that shows what's happening at the meter, what the customer and the utility see (energy consumption and demand) and the other level is the knowledge about the building energy: heat flows around the house, throughout the structure, side-effects of equipment.
The fact that the houses are equipped with an individually controlled and monitored space heating system in each room allows seeing local phenomena that couldn't be seen for a house equipped with a central space heating system. This feature, which is typical of houses in Quebec, brings an additional level of information when studying impacts of a strategy or a technology.
The twin houses were built to support Hydro-Quebec services and programs, especially the energy efficiency and the demand management departments.
The 2013-2014 winter will be dedicated to the impact of internal heat gains and how thermal comfort, occupation and behavior influence the space heating load (energy & demand).
